Frameshift mutations generally result in loss-offunction changes since they drastically alter the protein sequence downstream of the frameshift site, besides creating premature stop codons. Here we present data suggesting that frameshift mutations in the C-terminal domain of speci®c ancestral MADS-box genes may have contributed to the structural and functional divergence of the MADS-box gene family. We have identi®ed putative frameshift mutations in the conserved C-terminal motifs of the B-function DEF/AP3 subfamily, the A-function SQUA/AP1 subfamily and the E-function AGL2 subfamily, which are all involved in the speci®cation of organ identity during¯ower development. The newly evolved C-terminal motifs are highly conserved, suggesting a de novo generation of functionality. Interestingly, since the new C-terminal motifs in the A-and B-function subfamilies are only found in higher eudicotyledonous¯owering plants, the emergence of these two C-terminal changes coincides with the origin of a highly standardized oral structure. We speculate that the frameshift mutations described here are examples of co-evolution of the different components of a single transcription factor complex. 3¢ terminal frameshift mutations might provide an important but so far unrecognized mechanism to generate novel functional C-terminal motifs instrumental to the functional diversi®cation of transcription factor families.
INTRODUCTION
Plants exhibit a wide range of ornamental and functional differences in number and appearance of the organs that constitute their¯owers. In general, such differences may be ascribed to variations in a basic set of key developmental regulators (called homeotic selector genes). These variations may simply represent differences in the expression patterns of an otherwise standard set of genes that determine the underlying morphogenetic processes. On the other hand, changes in the coding sequence might also lead to changes in gene function. Extensive analysis of plant¯oral developmental mutants during the last decade has revealed the importance of the MADS-box transcription factor family in¯ower development and plant architecture. The identity of the¯oral organs has been shown to be governed by the combined activity of speci®c MADS-box¯oral homeotic genes and it has been suggested that gene duplications followed by functional diversi®cation within the MADS-box gene family must have been key processes in¯oral evolution (1±3). Phylogenetic studies of the MADS-box gene family thus have the potential to correlate differences in¯oral organ morphology with molecular and functional changes in MADS-box genes. The best-known subfamilies are the A (SQUA/AP1), B (DEF/AP3 and GLO/PI) and C function (AG) MADS-box subfamilies, representing the basic players in the historical ABC model of¯ower organ identity.
Recent progress by reverse genetics strategies has uncovered redundant functions (4, 5) that obviously have been missed by classical forward genetics approaches (6±13). Combined with the elucidation of protein±protein interactions between the different MADS-box genes, these results have led to extensions of the ABC model towards models with a higher complexity (14±18). All data together presently suggest a quartet model (14) in which the identity of the four different oral organs, sepals, petals, stamens and carpels, is speci®ed by four different protein complexes consisting of various combinations of MADS-box proteins and yet unknown factors.
All MADS-box genes discussed here belong to the Type II class MADS-box genes; the proteins encoded by these genes share a conserved modular organization, called the MIKC type domain structure, consisting of a MADS (M), intervening (I), keratin-like (K) and C-terminal domain (2,19±21) . The MADS-domain is responsible for DNA binding, but it is also involved in dimerization and accessory factor-binding functions (21) . The K-domain seems to be plant-speci®c (2) and is involved in protein dimerization (19, 21) . Several lines of evidence demonstrate the functional importance of the C-terminal domain. Loss-of-function alleles may carry mutations in the C-terminus and dominant-negative phenotypes can be generated by overexpressing MADS-box genes lacking the C-terminus (summarized in 16). The ®rst half of the C-terminal domain of DEF and GLO proteins appears to be essential for ternary complex formation between SQUA (A-function) and DEF and GLO (B-function) MADS-domain proteins in vitro (16) . Several reports suggest the presence of a C-terminal transcriptional activation domain in proteins encoded by genes belonging to different MADS-box subfamilies (18,22±24) . Recently, it was demonstrated that truncated versions of the Arabidopsis B-function genes AP3 and PI, only lacking the characteristic C-terminal euAP3 and Pi motif, respectively, were unable to rescue the corresponding ap3 and pi mutants (25) . This implies that the C-terminal motifs are essential for the full function of these proteins. Finally, although the C-terminus is overall the most divergent region among the different MADS-domain proteins, members of the same subfamily usually contain highly conserved C-terminal motifs (26) . This suggests that the C-terminus may have played an important role in the functional diversi®cation of the major MADS-box gene subfamilies. Because a lessconserved region of variable length often precedes these highly conserved motifs, the C-terminal region has mostly been excluded from phylogenetic analyses. While the high sequence similarity in the MADS-and K-domains of all MIKC type MADS-domain proteins strongly suggests that they are derived from a common ancestor, and differences in the MIK domains between the different subfamilies can be attributed to mutational events like single amino acid substitutions in combination with small in-frame insertions or deletions, the origin of the highly divergent C-terminal motifs remains obscure. The goal of the present study was to obtain a better understanding of how these putatively functionally important C-terminal motifs may have originated at the DNA level.
MATERIALS AND METHODS

Assembling the MADS-box sequence dataset
We screened the available nucleotide (non-redundant and EST) and protein databases with a diverged set of sequences containing representatives of all known MIKC type MADSbox gene subfamilies, resulting in a collection of over 400 unique plant MIKC type MADS-box sequences from over 100 plant species. More details about the pursued approach are provided in the Supplementary Material. For expressed sequence tag (EST) sequences included in the phylogenetic analysis, consensus sequences covering the full coding sequence were derived from several overlapping ESTs (indicated with`merge' in Figure 2 ).
Sequence alignments
Full-length sequences were aligned using the PILEUP function, followed by a manual alignment of the C-terminal regions using the Seqlab Editor of the GCG software package [Wisconsin Package Version 10.0, Genetics Computer Group (GCG), Madison, WI, USA]. For each gene, the cDNA sequence and the corresponding putative protein sequence were coupled and for both, the C-terminal domains were aligned manually.
Phylogenetic analysis
For simplicity reasons, the Neighbor Joining tree (Fig. 2) has been constructed using a representative subset of 97 sequences from the total collection of available plant MIKC type MADSbox sequences. These sequences have been selected as follows: subclasses within subfamilies were determined based on the presence of deviating but conserved C-terminal motifs. For each subclass, one to three representative sequences from each major plant group (when available) were selected. The MIK domains of the selected MADS-box genes were aligned using ClustalW (27) and subjected to a phylogenetic analysis. Phylogenetic trees were computed using the TREECON program (28) according to the neighborjoining algorithm (29) , based on Poisson and Tajima and Nei (30) corrected evolutionary distances.
RESULTS
The DEFICIENS (DEF)/AP3 subfamily
So far, only for B-function MADS-box genes has a detailed sequence analysis of the C-terminus been performed for a diverged set of species (31, 32) . Although protein sequences belonging to the DEF/AP3 subfamily share extensive similarity, two lineages can clearly be distinguished on the basis of their completely different C-terminal motifs (31) . The ®rst motif is referred to as the paleoAP3 motif and is found in DEF/AP3 proteins from lower eudicots, magnoliid dicots, monocots and basal angiosperms, while a second type, named the euAP3 motif is uniquely present in DEF/AP3 proteins from higher eudicots. In addition, some higher eudicots possess both the euAP3 and paleoAP3 type (TM6 lineage). Recently, Lamb and Irish published data on C-terminal motif swapping experiments involving euAP3 and paleoAP3 motifs, and demonstrating that these two motifs clearly encode a diverged function (25): a chimeric construct in which the euAP3 motif of the Arabidopsis AP3 gene was replaced by a paleoAP3 motif displayed differential rescue of the second and third whorls of the ap3-3 mutant: second whorl organs remained fully sepaloid while stamen formation was partially rescued. These results indicate that the C-terminal motif of paleoAP3 proteins promote stamen but not petal formation in higher eudicots. Our own attention was initially drawn to paleoAP3 B-function MADS-box genes while analyzing the Petunia B-function family (manuscript in preparation). The paleoAP3 motif containing PhTM6 gene of Petunia exhibits some atypical characteristics compared to the classical euAP3 B-function MADS-box genes. During later stages of¯oral development, PhTM6 mRNAs are abundantly present in carpels [similar to the tomato TM6 gene (33) ], to a lesser extent in stamens and to even lower levels in petals and sepals. Also, the Petunia Green Petals (GP) mutant (a null mutant for the euAP3 Pmads1 gene) displays a homeotic conversion of petals to sepals, while the formation of stamens remains unaffected (34) , suggesting that PhTM6 cannot substitute the euAP3 Pmads1 gene in petal formation, but most likely can complement its function in stamen development. These ®ndings suggest that sequence diversi®cation at the Cterminus may be responsible for differences in function between the AP3 genes in higher eudicots as compared to other angiosperms and thus re¯ect part of the species diversi®cation at the level of¯oral organ determining genes.
To understand how these different peptide motifs may have arisen at the molecular level during evolution, we compared the coding sequences of paleoAP3 and euAP3 motif-encoding MADS-box genes in detail. To our surprise, we discovered that the C-terminal euAP3 motif can simply be explained by an eight base pair insertion in the C-terminus of paleoAP3 genes, thus causing a frameshift mutation beyond the insertion site in euAP3 genes, when compared to the original reading frame of paleoAP3 genes. A subset of the alignment of paleoAP3 and euAP3 genes is shown in Figure 1 . In a number of cases, translation of the C-terminus of paleoAP3 genes according to the second reading frame indeed yields a motif that closely resembles the euAP3 motif ( Fig. 1) . It is interesting to note that although the paleoAP3 motif is highly conserved among paleoAP3 members, frameshift translations of the lower eudicot and TM6 members resemble the euAP3 motif most, in contrast to frameshift translations of monocot paleoAP3 genes, thus re¯ecting the phylogenetic relationships of the host species involved. Furthermore, the majority of paleoAP3 members contain a clearly recognizable internal PI motif, while in euAP3 proteins this motif is degenerating (Fig. 2) , suggesting that recruitment of the novel euAP3 motif may have been accompanied by a subsequent loss of the internal PI motif in euAP3 B-function proteins. The fact that both paleoAP3 (TM6 lineage) and euAP3 genes have been isolated from several higher eudicots suggests that euAP3 genes have originated after duplication of a paleoAP3 ancestral gene, followed by a frameshift mutation in one of the copies. Species such as Petunia, tomato and Hydrangea macrophylla have retained both copies, while Arabidopsis apparently has lost the paleoAP3 copy. Although the overall sequence analysis clearly points towards an eight base pair insertion in the euAP3 lineage, its exact origin remains elusive, because most likely it may have evolved further. We can presently envisage two putative mechanisms for this event: the insertion can be the result of a footprint left behind upon transposon excision or it may result from DNA polymerase slippage.
It is quite remarkable that a frameshift mutation just upstream of a highly conserved motif would yield a new, equally highly conserved motif. However, the data presented here are based on MADS-box sequences isolated from different species by different laboratories, rendering the possibility of sequencing mistakes unlikely. In addition, paleoAP3 and euAP3 genes have been aligned in two different classes, solely based on the comparison of the non-C-terminal sequences (31) . Finally, evolutionary conservation of the newly evolved frameshifted motif at the amino acid level changes the position of degenerate nucleotides compared to the original codon triplets. As a consequence, nucleotide substitutions, which may be silent in the new motif, may hamper the recognition of the original protein motif when translated according to the progenitor reading frame. This is in accordance with our observations that translating euAP3 genes according to the progenitor reading frame (third reading frame of the euAP3 Lineage in Figure 1 ) yields in the best cases only a highly diverged paleoAP3 motif. If paleoAP3 and euAP3 Figure 1 . Alignment of paleoAP3 and euAP3 C-terminal motifs present within the DEF/AP3 subfamily. Although protein sequences belonging to the DEF/AP3 subfamily display extensive homology almost along their entire length (not shown), two lineages can be distinguished on the basis of their completely different C-terminal motifs (columns indicated with paleoAP3 and euAP3 motifs). In contrast, the cDNA fragments encoding the conserved motifs align very well (right column) upon the introduction of a gap of eight base pairs in the coding sequences of paleoAP3 lineage members. The euAP3 motif, which is uniquely present in DEF/AP3 subfamily members isolated from higher eudicots, may thus have originated by a frameshift mutation caused by the eight base pair insertion (indicated by a double headed arrow) into a paleoAP3 ancestral gene. This is illustrated by the second reading frame translation of paleoAP3 members (indicated with 2nd reading frame), which resembles the euAP3 motif. For details on the 3rd reading frame of the euAP3 motif, we refer to the text. A full set of analyzed sequences is presented in the Supplementary Material. motifs had originated arti®cially from simple sequencing errors, the asymmetry in degree of conservation between correct and alternative reading frames would not be observed.
Intrigued by such a simple frameshifting mechanism, we were curious to ®nd indications for a similar scenario in other subfamilies of the MADS-box gene family. Since only the Cterminus of the B-function subfamily has been analyzed in greater detail in a wide range of species (31, 32, 35) , we ®rst determined whether conserved C-terminal motifs existed in other major subfamilies as well. Therefore, we analyzed over 400 MIKC type MADS-box genes covering a wide range of species and representing all major subfamilies. Sequences were ®rst grouped in subfamilies based on sequence homology in the MIK region. Once grouped, the C-terminal regions were aligned manually to determine C-terminal motifs. To illustrate this, we selected a representative set of sequences from each subclass for a diverged set of species, and performed a phylogenetic analysis to map the corresponding C-terminal motifs on the tree (Fig. 2) . For simplicity reasons, the complexity of Figure 2 has been reduced in several ways. A number of subfamilies contain several conserved motifs separated by less conserved patches in the C-domain; we only show the conserved residues closest to the C-terminus. Monophyletic clades (e.g. the AGL12, AGL15 and AGL17 subfamilies) for which only a limited set of family members has been isolated, or that contain sequences from just a few species, were not included in the analysis. For these clades, sample numbers and/or species diversity were too low to allow a reliable identi®cation of C-terminal conserved motifs.
For the majority of the subfamilies, we could identify subfamily speci®c C-terminal motifs. In an increasing level of detail, a number of subfamilies (e.g. the AGAMOUS subfamily) can be further divided into subclasses displaying distinct but related C-terminal motifs of which the differences can be attributed to normal nucleotide substitutions. On the other hand, we found that some subfamilies (e.g. the SQUA/ AP1 and AGL2 subfamilies) could be further divided into subclasses displaying completely different but highly conserved C-terminal motifs, comparable to the situation found in the DEF/AP3 subfamily. Other clades (e.g. TM3 and STMADS11 subfamilies) display C-terminal motifs that are highly conserved among protein sequences isolated from distantly related species such as angiosperms versus gymnosperms, suggesting that these C-terminal motifs were already ®xed in the ancestors preceding the split of angiosperms and gymnosperms. It has been estimated that the lineages that led to extant gymnosperms and angiosperms probably separated about 300 million years ago, while the lineages that led to extant monocots probably separated from the lineage that led to extant eudicots about 160±200 million years ago (1 and references therein). A number of these small C-terminal peptide motifs thus have been preserved for several hundreds of millions of years. Similarly, it is remarkable that the AGAMOUS (AG) type C-terminal motif can be clearly recognized in the two MADS-box genes PpM1 and LaMB2 isolated from the moss Physcomitrella patens and clubmoss Lycopodium annotinum. C-terminal motifs of the full MADSbox gene dataset have been added in the Supplementary Material. In Figure 2 , we have indicated the total number of analyzed sequences and the number of species from which genes belonging to a particular class have been isolated (in parentheses).
A minority of the analysed sequences did not exhibit the Cterminal peptide motif(s) as identi®ed in the majority of the members of that subfamily or subclass. With the currently available data, we cannot exclude that at least some of these aberrant proteins represent the ®rst isolated members of new classes of variants, perhaps only present in a subset of species of the plant kingdom.
However, for a substantial part of the sequences that did not exhibit the sub(class)family-speci®c motif, we were able to demonstrate extensive homology and the appearance of the sub(class)family-speci®c motif in either one of the three different reading frames downstream of the K-region, often beyond the proposed stop codon. Thus, the latter sequences presumably contain sequencing mistakes. Alternatively they might represent degenerating copies of recently duplicated genes. Besides a complete loss of the conserved C-terminal epitope, we also found pairs of recently duplicated paralogs of which one copy contained the consensus C-terminal motif, while the second copy displayed a more diverged motif. A clear example of such a case is the Arabidopsis AGL13 gene, a member of the AGL6 subfamily. The putative AGL13 protein terminates prematurely after only the ®rst three amino acid residues of the AGL6 motif, but still displays homology beyond the stopcodon (see Supplementary Material) .
Having de®ned C-terminal motifs for the major subfamilies, we speci®cally searched for further examples of putative Figure 2 . (Opposite) Neighbor-joining tree of the MIKC type MADS-box gene family. The Neighbor-joining tree has been constructed using the MIK domains of a representative subset of 97 sequences from the total collection of available plant MIKC type MADS-box sequences (see Supplementary Material). These 97 sequences have been selected as follows: subclasses within subfamilies were determined based on the presence of deviating but conserved C-terminal motifs. For each subclass, one to three representative sequences from each major plant group (when available) were selected. The tree was rooted with two MIKC type MADS-box genes from the moss Physcomitrella patens and the clubmoss Lycopodium annotinum. To assess support for the inferred relationships, 1000 bootstrap samples were generated. In a ®nal step, we mapped C-terminal conserved epitopes on the tree. Local bootstrap probabilities are indicated for branches supported with more than 60%. Asterisks behind protein motifs represent stop codons. Motifs not terminating with an asterisk are followed by a variable number of non-conserved residues (not shown). A two-letter code preceding the gene names as found in the database indicates the species involved. Species names and taxa are indicated as follows. The majority of protein sequences belonging to the SQUA/ AP1 subfamily display either one of two highly conserved C-terminal motifs (Figs 2 and 3) . We have designated these motifs the paleoAP1 and euAP1 motifs, respectively. The highly conserved paleoAP1 motif is present in AP1 homologs from magnoliid dicots, monocots and higher eudicots. So far, no paleoAP1 like proteins have been isolated from gymnosperm species. Note that the Arabidopsis FRUITFULL gene and SAMADSB from white mustard display a quite diverged paleoAP1 motif compared to the other paleoAP1 genes. The C-terminal euAP1 motif as found in the Arabidopsis AP1 and Antirrhinum SQUA proteins seems to be restricted to the higher eudicots, since we extensively screened the available monocot EST databases without ®nding them. However, we also found higher eudicot sequences that displayed a more diverged euAP1 motif (e.g. the pea protein PEAM4 in Fig. 3 ). Although the two AP1 subclasses exhibit a divergent C-terminal peptide motif, cDNA sequences encoding the terminal euAP1 and paleoAP1 motifs align very well. Indeed, translation of the C-terminal part of paleoAP1 genes according to the second reading frame yields motifs that closely resemble the euAP1 motif, and translation of the C-terminal part of euAP1 genes according to the third reading frame yields motifs that closely resemble the paleoAP1 motif (Fig. 3) .
Similar to the situation in the DEF/AP3 subfamily, frameshift translations of paleoAP1 genes from dicot origin resemble the euAP1 motif most, which re¯ects the phylogenetic origin of the euAP1 genes. Also, correct reading frame translations yield motifs that are more rigidly conserved than frameshift translations, suggesting that the presence of these two different motifs have not originated from sequencing errors. Because the coding sequence preceding the terminal motifs appeared to be too divergent between paleoAP1 and euAP1 genes to align, we could not determine the nature or the exact position of the putative frameshift mutation. The restriction of euAP1 type genes to the higher eudicots suggests that euAP1 type genes have originated after duplication of a paleoAP1 type gene followed by a mutational event creating a frameshift in the C-terminus of one of two copies. In addition, higher eudicots such as Arabidopsis, snapdragon, tobacco, apple, birch and cauli¯ower have retained both variants. The taxonomic distribution suggests that the gene duplication happened close to or at the base of the higher eudicots.
The AGL2 subfamily
In higher eudicots, two closely related types of AGL2 genes can be distinguished, each displaying a distinct but related C-terminal motif, represented by AGL2 (SEP1) and AGL9 (SEP3) types, respectively (Fig. 2) . For monocots, we have identi®ed three clearly divergent types of AGL2-like genes (Fig. 2) . A ®rst group, the ZMM7 type, has a C-domain that is closely related to the AGL9 type from higher eudicots. The other two groups exhibit very divergent C-domains. For the Figure 3 . Alignment of paleoAP1 and euAP1 C-terminal motifs present within the SQUA/AP1 subfamily. Within the SQUA/AP1 subfamily, two distinct lineages (euAP1 and paleoAP1 lineages) can be distinguished, each displaying highly conserved but completely different C-terminal motifs (columns indicated with paleoAP1 and euAP1 motifs). Representatives of both lineages have been isolated from a number of higher eudicot species, while magnoliid dicot and monocot species appear to yield only the paleoAP1 type. Although these two types of C-terminal motifs are totally unrelated at the protein level, the cDNA fragments encoding these conserved motifs align surprisingly well (right column). This suggests that the euAP1 motif may have originated by a frameshift mutation in a paleoAP1 ancestral gene at a position upstream of the paleoAP1 motif. To illustrate this, we have shown frameshift translations of paleoAP1 members (column indicated with 2nd reading frame) and of euAP1 members (column indicated with 3rd reading frame), which resemble the euAP1 motif and the ancestral paleoAP1 motif, respectively. A full set of analyzed sequences is presented in the Supplementary Material. ®rst of these, designated the AB003324 type, only the rice cDNA sequence AB003324 was found in the nucleotide database at the time of analysis; a search in EST databases with this gene revealed highly homologous copies from maize and wheat, indicating that this type of AGL2-like gene may be functionally conserved among monocots (Fig. 2) . Recently, the maize ZMM24 and ZMM31 MADS-box genes have been published (36) that correspond with the identi®ed EST sequences. A second group with a deviating but conserved C-domain, named the OsMADS1 lineage, contains two homologous types of MADS-box genes, exhibiting a difference in length. Both types contain a ZMM3 motif; the long variant in addition contains a conserved C-terminal motif named the OsMADS1 motif. Short and long version sequences have been isolated from both maize and rice, and searching the EST databases with these sequences showed the presence of both types in wheat. This indicates that both forms are conserved among monocots. To investigate the molecular origin of the divergent C-terminus of AB003324 and OsMADS1 types, we aligned these sequences with the ZMM7 type AGL2-like genes. For the AB003324 type, we were unable to ®nd convincing C-terminal homologies with any of the other monocot AGL2-like genes. For the OsMADS1 type genes, the sequences encoding the ZMM3 motif clearly align with the C-terminus of ZMM7 type genes by introducing an internal gap causing a downstream frameshift in the coding sequence of the OsMADS1 type genes compared to the reading frame of the ZMM7 type (Fig. 4) . These results suggest that the C-terminal ZMM3 motif of the OsMADS1 type genes has originated after duplication of a monocot ZMM7 type ancestral gene followed by a small deletion immediately downstream of the common internal motif. The C-terminus of the long versions may have been recruited from a sequence beyond the original stop codon of the ZMM7 type genes.
DISCUSSION
Towards a model for neo-functionalization by C-terminal motif selection
While basic features such as DNA binding domains and motifs necessary for protein±protein interactions must be rigidly conserved in order to maintain the basic capacity to function as a transcription factor, generation of novel C-terminal motifs may have been of major importance for functional diversi®-cation. C-terminal domains may play a key role in determining partner speci®city in higher order complex formation, may contain activation domains, or may be subject to posttranslational modi®cations that may in¯uence DNA binding speci®city, subcellular localization or the ability to attract interacting partners. Although the exact role of these small peptide motifs residing in the C-domain largely remains to be determined (25) , the fact that a number of these motifs has been preserved for hundreds of million of years of evolution (see above) strongly suggests that they may have been instrumental in the functional diversi®cation of the MADSbox gene family. Furthermore, we found a comparable Cterminal domain conservation in the WUSCHEL, the NAM and the AP2 transcription factor families. Members of these transcription factor families all possess a highly conserved DNA binding domain while their C-terminus is strongly divergent between different subfamilies. Within subfamilies however, small motifs of variable length occur that are highly conserved even between proteins isolated from distantly related species (unpublished results).
Based on these observations and the results presented here, we propose a model for the functional diversi®cation of duplicated members of transcription factor families (Fig. 5) . After duplication of an ancestral gene X, one of the copies (Y) may accumulate mutations in the C-terminus, while retaining Figure 4 . Alignment of C-terminal motifs of monocot OsMADS1 and ZMM7 type AGL2 like subfamily members. In monocot species, we have identi®ed three distinct types of AGL2 like subfamily members, each displaying different C-terminal motifs (Fig. 2) . Here we show part of the C-terminal domain alignment of OsMADS1 and ZMM7 type sequences. Both types have an internal motif in common (indicated with common internal AGL2 motif), while their C-termini have fully diverged at the protein level. Sequences belonging to the OsMADS1 type can be further subdivided into two classes: a short version terminating with a ZMM3 motif, and a longer version with a C-terminal extension terminating with a short conserved OsMADS1 motif. As in the previous cases, we found that the cDNA fragments encoding the ZMM3 motif of the OsMADS1 type align with those encoding the ZMM7 motif by introducing a gap representing a frameshift mutation in the OsMADS1 type sequences. The alignment of the cDNA fragments encoding these ZMM3 and ZMM7 motifs is shown on the right and the 2nd reading frame translation of the ZMM3 motif is shown below the ZMM7 motif.
features such as DNA binding, essential for its function as a transcription factor, in the upstream coding regions. Apart from in frame insertions/deletions and single nucleotide substitutions, mutations in the coding sequence at the 3¢ end will also induce frameshifts, as such masking the ancestral origin of the motif at the protein level. While most frameshift mutations will be deleterious for the existing function, in speci®c cases they may yield novel functional C-terminal motifs. The three cases we have described are perfect examples of such a neo-functionalization process. This widens the emerging view that plant transcription factors evolve mainly by changes in cis-regulatory elements that affect their expression pattern (37, 38) , and that after gene duplication, mainly degeneration and selection of complementary functioning, i.e. sub-functionalization occurs (39, 40) . At ®rst sight, it may seem extraordinary that in all three cases, frameshift mutations of highly conserved motifs yielded novel highly conserved motifs. However, this speci®c situation is the only type of motif generation that can still be recognized after millions of years of independent evolution of both copies. If the new motif had been recruited from a sequence in a nonconserved (Y3 and Y4, Fig. 5 ) or less conserved region of the C-terminus (e.g. Y2), it would be impossible to trace back the ancestral motif. Equally important, either the new or the ancestral motif must contain amino acid residues that are not too highly degenerate in order to be able to recognize the related motif after frameshifting. Thus, the only cases of frameshift mutations that we still can recognize are those in highly conserved motifs that yield novel highly conserved motifs. Finally, novel motifs may be acquired in an additive way downstream of existing motifs as an extra feature, with retention of the ancestral motif that in such a case becomes internal (e.g. Y3); or with subsequent loss of the ancestral motif (all other cases).
Higher order complex formation and importance for ower evolution
We have identi®ed drastic changes in the conserved Cterminal motifs of the core eudicot B-function subfamily (DEF/AP3), the SQUA/AP1 subfamily and the AGL2 subfamily. These mutations appear to be associated with changes in gene function. The apparent coincidence between the origin of euAP1 (A) and euAP3 (B) motifs, and the origin of the higher eudicots is remarkable. Higher eudicots show a characteristic canalization of¯oral development and thus a standardization of¯oral architecture (41 and references cited therein). Moreover, although petaloid organs may have evolved several times independently during evolution, the higher eudicot petals seem to be homologous organs that trace back to a single origin at the base of higher eudicots (30, 31, 33, 36) . Strikingly, higher eudicot petal identity is speci®ed by A+B function genes encoding euAP1 and euAP3 motifs, respectively. It is conceivable, therefore, that there is a causal relationship between the parallel frameshift mutations described here and both the canalization of¯oral structure and the origin of a certain type of petals at the base of higher eudicots.
Recently, it has been demonstrated that B-function MADSbox proteins may form higher order complexes with SQUA in Anthirrinum and with SEP3 and AP1, and, alternatively, with SEP3 and AG in Arabidopsis (16, 18) . We speculate therefore, that the frameshift mutations represent an example of coevolution between different components of a single transcription factor complex and that these mutations may have modulated the function. Clearly, in a next step, complex formation and function of complexes consisting of paleoAP3 and paleoAP1 proteins have to be studied in monocot and basal angiosperm species in comparison to eudicots.
CONCLUSIONS
The data presented here indicate an excitingly rapid mode of protein evolution: novel, highly conserved motifs at the Cterminus may originate by frameshift mutations in the existing coding sequence. This phenomenon may explain a substantial part of the high sequence divergence in the C-terminal region between and within the different MADS-box gene subfamilies. It will be interesting to see how general the mechanism of protein evolution by novel motif selection (whether or not Figure 5 . Model for the generation of novel C-terminal motifs within the MADS-box gene family. After duplication of an ancestral gene X, the Y copy accumulates mutations in the C-terminal domain, while retaining the essential MIK domain. Insertions or deletions will cause a frameshift in the coding sequence. Rarely, these frameshift mutations may yield novel functional motifs that consequently will be conserved. In cases where the novel motif is recruited from poorly conserved regions (e.g. Y 2±4) in the ancestral sequence, the sequence relation with the ancestral gene X will become unclear after a period of independent evolution. In the Y copy, new motifs may be added downstream of the ancestral motif as an extra feature, with retention of the ancestral motif which in this case becomes internal (e.g. Y3); or with subsequent loss of the ancestral motif (all other cases).
induced by frameshift mutations) at the C-terminus will appear to be. There is evidence, however, that at least some aspects of it apply not only to plants.
The Ultrabithorax protein acquired a poly-ala tail in the lineage that led to Drosophila, but only after Crustaceans had branched off (42, 43) . This poly-ala tail is involved in suppressing abdominal leg development. It thus appears that a change in a C-terminal sequence motif of a homeodomain transcription factor can be correlated with a neo-functionalization event affecting the arthropod body plan.
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